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法等液相法来合成 ZST 陶瓷材料。 
在共沉淀法制备 ZST 陶瓷中，分散剂 PEG6000 的加入能有效改善粉体的团聚；制
备的粉体可在 1480℃烧结成瓷，添加 1wt%的 ZnO 后能降低陶瓷的烧结温度，但陶瓷
的介电性能变差；添加 Zn(NO3)2·6H2O 或复合添加 ZnO/Nb2O5 均能得到介电性能优良的
陶瓷(εr=36～40，Q×f >50000 GHz，τf =-10～10 ppm/℃)。 
采用水热法合成陶瓷粉体，通过对水热反应条件的优化，发现当水热反应温度为
200℃时，以 TiO2 为 Ti 的前驱物，矿化剂 KOH 浓度为 1 M 反应 2 h 后，所得粉体的烧
结活性较高。将其在 1260℃烧结并保温 4 h 后，所得陶瓷的介电性能为：εr＝35.20，Q×f
＝9000 GHz，τf＝-10.3 ppm/℃。 
对水热法进行适当改进，尝试用共沉淀与水热法相结合的方法(即共沉淀－水热法)
合成 ZST 陶瓷粉体。在相同的水热条件下，Ba(OH)2 会抑制 ZST 溶胶的结晶，KOH 或
蒸馏水则有利于水热粉体的结晶。制备的粉体可在 1280℃烧结成瓷，所得陶瓷介电性
能：εr＝39.17，Q×f =28542 GHz，τf＝-8.3 ppm/℃。 




















Ceramics of (Zr0.8Sn0.2)TiO4, i.e., ZST, are chosen to be studied in this thesis. In the 
experiment, the ZST ceramics are prepared via wet-chemical routes. The aggregation of the 
particles can be prevented by the addition of PEG(6000) in the preparation of ZST powders 
via coprecitation method. The powders can be sintered at 1480  without ℃ any additive. With 
the addition of ZnO in 1 weight percent, sintering temperature of the powders can be 
effectively lowered to 1240 , but℃  the dielectric properties is deteriorated. However, a 
additive of Zn(NO3)2·6H2O or the mixture of ZnO and Nb2O5 leads to optimized ceramics 
with good dielectric properties: εr =36～40，Q×f >50000 GHz and τf =-10～10 ppm/℃. 
Moreover, the hydrothermal synthesis route is applied to prepare ZST powders. Effects of 
hydrothermal conditions on crystal structure, morphology and sintering behaviors of the 
powders are characterized. Optimal condition for the powders was obtained with the solution 
of 1 M KOH at 200℃ for 2 h. Ceramics are sintered at 1260℃ with the powders. Dielectric 
properties of the samples were measured with dielectric constant of 35.20, Q×f of 90000 GHz 
and τf of -10.3 ppm/℃. 
The ZST Powders are also obtained via the coprecipitation-hydrothermal mothod. It is 
found that Ba(OH)2 solution may prevents the crystal growth of ZST particles, while KOH 
solution or distilled water is benefitial to that crystal growth of ZST. The obtained powders 
can be sintered at 1280 , resulting in ceramics with good dielectric properties: ℃ εr＝39.17，
Q×f = 28542 GHz and τf＝-8.3 ppm/℃。 
Based on the experimental results, grain growth mechanism of ZST powders via the 
hydrothermal synthesis is also discussed at the end of this thesis. 
 












目  录 
 
目  录 
 
摘   要 .................................................................................................................................. I 
ABSTRACT ......................................................................................................................... II 
 
第一章  绪 论 .....................................................................................................................1 
1.1 引言 ....................................................................................................................................1 
1.2  微波介质陶瓷研究现状 ..................................................................................................2 
1.2.1  微波介质陶瓷的应用 ................................................................................................2 
1.2.2 微波介质陶瓷的主要性能指标 ................................................................................3 
1.2.3 微波介质材料的发展概况 ........................................................................................5 
1.2.4  微波介质陶瓷的制备方法 ........................................................................................6 
1.2.5 微波介质陶瓷的发展方向 ......................................................................................10 
1.3 (Zr,Sn)TiO4 系微波陶瓷 ...............................................................................................10 
1.3.1 (Zr,Sn)TiO4 的晶体结构 ..........................................................................................10 
1.3.2  ZrxSn1-xTiO4 固溶体的相图.....................................................................................12 
1.3.3 ZST 系统的介电性能 ..............................................................................................15 
1.3.4 ZST 陶瓷的制备工艺 ..............................................................................................15 
1.4 本论文的主要研究内容 ...............................................................................................18 
第二章 ZST 陶瓷的制备与表征方法 .......................................................................19 
2.1  ZST 陶瓷的液相法制备工艺........................................................................................19 
2.1.1  ZST 陶瓷的共沉淀法制备工艺 ..............................................................................19 
2.1.2  ZST 陶瓷的水热法制备工艺 ..................................................................................21 
2.2 表征手段与测试方法 ......................................................................................................22 
2.2.1  陶瓷粉体的热分析 ..................................................................................................22 













目  录 
 
2.2.3  陶瓷的微观形貌观察 ..............................................................................................22 
2.2.4 瓷体密度的测量 ......................................................................................................22 
2.2.5  微波陶瓷的介电性能测试 ......................................................................................23 
第三章 共沉淀法制备 ZST 微波陶瓷的实验结果与讨论.................................26 
3.1  共沉淀法的实验步骤 ....................................................................................................26 
3.2  改善 ZST 粉体团聚的措施...........................................................................................27 
3.3  不同预烧温度 ZST 粉体的相结构分析.......................................................................28 
3.4  未掺杂 ZST 粉体的烧结行为.......................................................................................29 
3.5  掺杂 ZnO 的 ZST 陶瓷的性能研究.............................................................................30 
3.5.1  添加 ZnO 陶瓷的烧结行为.....................................................................................31 
3.5.2  添加 ZnO 陶瓷的相结构分析.................................................................................31 
3.5.3  添加 ZnO 陶瓷的显微形貌特征.............................................................................32 
3.5.4  添加 ZnO 陶瓷的微波介电性能 .............................................................................33 
3.5.5  添加 Zn(Ac)2·2H2O、Zn(NO3)2·6H2O 与 ZnO 的性能比较 .................................35 
3.6  ZnO 和 Nb2O5 复合掺杂的 ZST 陶瓷的性能研究 .....................................................37 
3.6.1  ZnO 和 Nb2O5 混合添加陶瓷的烧结行为..............................................................37 
3.6.2  ZnO 和 Nb2O5 混合添加陶瓷的相结构分析..........................................................38 
3.6.3  ZnO 和 Nb2O5 混合添加陶瓷的显微形貌特征......................................................39 
3.6.4  ZnO 和 Nb2O5 混合添加陶瓷的微波介电性能......................................................40 
3.7  ZST 微波陶瓷的谐振频率温度系数............................................................................41 
3.8  本章小结 ........................................................................................................................42 
第四章  水热法制备 ZST 微波陶瓷的实验结果与讨论 ....................................43 
4.1  水热法的实验步骤 ........................................................................................................43 
4.2 水热法制备 ZST 陶瓷的实验结果与讨论 .................................................................44 













目  录 
 
4.2.2  矿化剂 KOH 浓度对合成粉体的影响 ...................................................................44 
4.2.3  水热反应时间对合成粉体的影响 ..........................................................................46 
4.2.4  水热法制备粉体的热分析.......................................................................................47 
4.2.5  水热法烧结陶瓷的晶体结构分析 ..........................................................................48 
4.2.6  水热法烧结陶瓷的微观形貌及 EDS 分析 ............................................................49 
4.2.7  水热烧结陶瓷的微波介电性能...............................................................................51 
4.3 本章小结 ..........................................................................................................................52 
第五章  共沉淀－水热法制备 ZST 陶瓷的实验结果与讨论...........................53 
5.1  共沉淀－水热法制备 ZST 陶瓷的实验步骤...............................................................53 
5.2  共沉淀－水热法制备 ZST 陶瓷的实验结果与讨论...................................................54 
5.2.1  共沉淀－水热法制备粉体的晶体结构 ..................................................................54 
5.2.2  共沉淀－水热法制备粉体的微观形貌 ..................................................................56 
5.2.3  共沉淀－水热法制备粉体烧结陶瓷的晶体结构 ..................................................58 
5.2.4  共沉淀－水热法制备粉体烧结陶瓷的微观形貌 ..................................................60 
5.2.5  共沉淀－水热法制备粉体烧结陶瓷的微波介电性能 ..........................................62 
5.3  本章小结 ........................................................................................................................64 
第六章  水热法制备 ZST 陶瓷粉体的生长机理初探.........................................65 
6.1  水热条件下 ZST 微晶的晶体生长理论.......................................................................65 
6.2  水热条件下 ZST 微晶的成核与生长机理...................................................................67 
  6.2.1   ZST 晶核形成的原位转变机理模型 ................................................................... 67 
  6.2.2   ZST 晶核形成的沉淀－溶解机理模型 ............................................................... 68 
6.3  ZST 在水热条件下生长动力学分析............................................................................69 
6.4  水热合成 ZST 粉体中存在的问题...............................................................................71 
6.5  本章小结 ........................................................................................................................71 

















作者在攻读硕士学位期间发表论文 ........................................................................... 77 
 













Table of Contents 
 
Table of Contents 
 
Abstract (Chinese) ..........................................................................................................Ⅰ 
Abstract (English).......................................................................................................... Ⅱ 
 
Chapter 1 Preface ............................................................................................................... 1 
1.1   Introduction............................................................................................................. 1 
1.2   Microwave Dielectric Ceramics ............................................................................. 2 
1.2.1   Application of MWDC .................................................................................... 2 
1.2.2   Characteristics of MWDC................................................................................ 3 
1.2.3   Progress and Status of MWDC ........................................................................ 5 
1.2.4   Reparation Methods of MWDC....................................................................... 6 
1.2.5   Perspective of MWDC................................................................................... 10 
1.3   (Zr,Sn)TiO4 System .............................................................................................. 10 
1.3.1    Structure of (Zr,Sn)TiO4 Crystal ................................................................. 10 
1.3.2    Phase of (Zr,Sn)TiO4 System....................................................................... 12 
1.3.3    Dielectric Properties of ZST Ceramics ........................................................ 15 
1.3.4    Preparation Techniques of ZST Ceramics ................................................... 15 
1.4   Motivation and Plan of the Thesis ....................................................................... 18 
Chapter 2   Preparation and Characterization of MWDC............................. 19 
2.1   Preparation of ZST Ceramics .............................................................................. 19 
   2.1.1   Preparation by Coprecipitation Method......................................................... 19 
   2.1.2   Preparation by Hydrothermal Synthesis Route.............................................. 21 
2.2   Characterization and Measurements of MWDC ............................................... 22 
2.2.1   Thermal Analysis of Powders for Ceramics .................................................. 22 
2.2.2   XRD Analysis of the Samples........................................................................ 22 
2.2.3   Microstructure Observation of the Samples .................................................. 22 
2.2.4   Density Measurements of the Ceramics ........................................................ 22 
2.2.5   Measurements of Dielectric Properties of the Ceramics................................ 23 













Table of Contents 
 
       by Coprepcipitation Method ............................................................. 26 
3.1   Experiment Procedures ........................................................................................ 26 
3.2   The Measure to Preventing the Aggregament of the Powders.......................... 27 
3.3   Selection of Calcining Temperatures of ZST Powders ...................................... 28 
3.4   Sintering Characteristics of the Powders without Additives ............................ 29 
3.5   Results of the Powders with ZnO Added ............................................................ 30 
3.5.1   Sintering Bahaviors of the Powders............................................................... 31 
3.5.2   XRD Identification of the Ceramics .............................................................. 31 
3.5.3   Microstructure Observation of the Ceramics................................................. 32 
3.5.4   Dielectric Properties of the Ceramic.............................................................. 33 
3.5.5   Properties of the Ceramics with ZnO Replaced  
by Zn(Ac)2·2H2O or Zn(NO3)2·6H2O........................................................... 35 
3.6   Results of the Ceramics with ZnO and Nb2O5 Added ....................................... 37 
3.6.1   Sintering Characteristic of the Powders......................................................... 37 
3.6.2   XRD Analysis of the Ceramics ...................................................................... 38 
3.6.3   Microstructure Observation of the Ceramics................................................. 39 
3.6.4   Dielectric Properties of the Ceramic.............................................................. 40 
3.7   Temperature Coefficient of Resonant Frequency for the Ceramics................. 41 
3.8   Summary .............................................................................................................. 42 
Chapter 4   Results and Discussions of ZST Powders  
   Prepared by Hydrothermal Synthesis............................................ 43 
4.1   Experimental Procedures ................................................................................... 43 
4.2   Results and Discussions ...................................................................................... 44 
 4.2.1   Effect of Raw Reagents on ZST Powders..................................................... 44 
 4.2.2    Effect of Mineralization Concentration on ZST Powders ........................... 44 
 4.2.3    Effect of Hydrothermal Reaction Time on ZST Powders............................ 46 
4.2.4    Thermal Analysis of the Powders Prepared  
 by Hydrothermal Synthesis Route ............................................................... 47 
4.2.5    XRD Spectra of the Ceramics Prepared  
 by Hydrothermal Synthesis Route ............................................................... 48 













Table of Contents 
 
   4.2.7    Dielectric Properties of the Ceramics .......................................................... 51 
4.3   Summary................................................................................................................ 52 
Chapter 5   Results and Discussions of ZST Powders  
   via Coprecipitation-Hydrothermal Route .................................... 53 
5.1   Experimental Procedures ................................................................................... 53 
5.2   Results and Discussions ........................................................................................ 54 
 5.2.1   XRD Analysis of the Powders ...................................................................... 54 
 5.2.2    Microstructure Observation of the Powders ................................................ 56 
 5.2.3    XRD Spectra of the Ceramics...................................................................... 58 
 5.2.4    Microstructure of the Ceramics ................................................................... 60 
 5.2.5    Dielectric Properties of the Ceramics .......................................................... 62 
5.3   Summary................................................................................................................ 64 
Chapter 6   Disscussion of the Growth Mechanism for ZST Powders  
via Hydrothermal Synthesis .............................................................. 65 
6.1   The Crystal Growth Theory  
of ZST Powders on Hydrothermal Condition ................................................. 65 
6.2   The Growth Mechanism  
of ZST Powders on Hydrothermal Condition ................................................. 67 
6.2.1   In-stiu Transformation Mechanism for ZST Clue Growth ........................... 67 
6.2.2    Dissolution-precipitation Mechanism for ZST Clue Growth ...................... 68   
 6.3   Growth Kinetics of ZST Crystal Growth on Hydrothermal Condition......... 69 
6.4   The Problem in the Hydrothermal Synthesis of ZST Powders ...................... 71 
 6.5   Summary.............................................................................................................. 71 
Conclusions ......................................................................................................................... 72 
References ............................................................................................................................ 73 
Publications ......................................................................................................................... 77 














第一章  绪论 
                                           1








































第一章  绪论 
                                           2
段还很少，与现代微波通信技术的发展还存在相当的距离。 
 
1.2  微波介质陶瓷研究现状 
1.2.1  微波介质陶瓷的应用 
    电磁波根据波长或频率的不同，可分为不同的波段，如长波、中波、短波、高频、
甚高频等，其中波长 1～1000 毫米范围的波段称为微波。微波比无线电波中的波长更短，
方向性极强，有利于微弱信号的接受；微波的频率高，可用于频带宽，信息容量大，在
300 MHz~3000 GHz 范围内包含的可使用波段数是在 0～3000 MHz 的长、中、短波范围
内所包含的可使用波段数的 10000 倍，而且微波能穿透高空的电离层，特别有利于宇宙
通讯和卫星通讯等[6]。 





    一类是用于介质谐振器(DRO)的功能陶瓷，其中包括带通(阻)滤波器、分频器、耿
氏二极管、双工器和多工器、调制解调器(Modem)等固体振荡器中的稳频元件。使用于
800 MHz 带的汽车电话和使用于 12 GHz 带的卫星直播已分别于 1979 年 12 月和 1984
年 5 月在日本开始初始化[7, 8]。在汽车电话中，微波介质陶瓷用于制作信号收、发共用
的带通滤波器。 
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εr (ω)为 ω频率下离子位移极化的复电容率； 
( )∞ε 为 ω频率下电子位移极化的复电容率； 
V 为元胞体积； 
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= ， 1m ， 2m 分别为正负离子质量； 
Z 为介质等效核电荷数； 
q 为元电荷，约等于 1.6×10-19C； 
0ε 为通常频率下的静态电容率； 
ωT为点阵振动光学模角频率，ωT≈1012～1013 Hz 




















Q= ωr W/P                                (1-4) 
式中，ωr是谐振频率，W是谐振器储存的总电磁能量。P是功率损耗，包括各种可能的
功率损耗，即介质损耗Pd、导体损耗Pc和辐射损耗Pλ。由此可得无载Q值： 
Q= ωr W/(Pd + Pc+ PA) 或 Q-1 = tgδd + tgδc+ tg δA     (1-5) 
对于微波介质材料，Q值的大小主要由介质损耗决定，其中tgδc和tgδA可以忽略，
Q值约与tgδd 成反比关系，与(εr)1/2也成反比关系。即： 








Zqm T −=                                                  (1-2) 
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